We demonstrate a method to locally change the refractive index in planar optical devices by photodarkening of a thin chalcogenide glass layer deposited on top of the device. The method is used to tune the resonance of GaAs-based photonic crystal cavities by up to 3 nm at 940 nm, with only 5% deterioration in cavity quality factor. The method has broad applications for postproduction tuning of photonic devices.
On-chip integration of optical components promises to greatly enhance speed and reduce costs in optical communications applications, such as interconnects and optical logic. Photonic crystal (PCs) devices are one of the most promising platforms for on-chip integration, as they can combine optical waveguides, resonators, dispersive devices, lasers or modulators [1, 2, 3] . Such devices can be patterned with existing semiconductor lithographic techniques. However, they are highly sensitive to fabrication imperfections [4] and a practical method to locally tune their optical properties is needed. In this paper we present a method for tuning GaAs PC devices, based on chalcogenide glasses. Chalcogenide glasses quasi-permanently change their optical properties when illuminated with light above their band gap, and have been used to tune optical devices as quantum cascade lasers [5] The tuning of PCs devices directly fabricated in chalcogenide glasses has already been shown in Ref. [6] , but many other applications rely on PC fabricated in other materials such as group IV and III-V semiconductors. One such application is quantum information with InAs quantum dots (QDs) embedded in GaAs photonic crystal structures [7, 8, 9] . The performance of these devices relies on precise wavelength-matching of the cavity to embedded QDs. One way to achieve spectral matching is by temperature tuning, which shifts the cavity and QD at different rates so that they can be made to intersect if the original mismatch is small [8] . * Electronic address: faraon@stanford.edu However, it is often necessary to shift the cavity independently as well, especially in photonic networks [9] . To date, several non-local techniques have been developed to control cavity wavelength (see Ref. [10, 11] ), and a local tuning method based on tuning the resonance by bringing a nanowire in the proximity of the photonic crystal cavity has been reported by Grillet et. al. in Ref. [12] . However, none of these techniques is reliable for independent on-chip tuning of large ensembles of photonic crystal cavities. layer is deposited on prefabricated GaAs/InAs devices. Linear three-hole defect [13] PC cavities were first fabricated in a 150 nm thick GaAs membrane containing a central layer of InAs quantum dots (QDs) as described in Ref. [14] . Arsenic trisulphide films with thickness between 30 nm and 100 nm were deposited onto the photonic crystals using thermal evaporation from a temperature controlled baffled boat in a chamber pumped to a base pressure of 3 × 10 −7 torr. The deposition geometry was chosen to ensure that the flux of material struck the sample close to normal incidence to prevent coating the inside of the holes. To improve film adhesion the sample surfaces were cleaned using 50 eV Ar ions prior to deposition.
Thermal evaporation results in films with substantially different bond structure from the bulk glass. The films have been found to contain disconnected molecular cagelike structures [15] that form in the vapour phase and are then frozen into the deposited film. These cage-like structures are, however, meta-stable and can"open" with optical excitation near the band edge or by heating that allows re-bonding to occur which results in polymerization of a more extended glass network. This re-bonding process is accompanied by an increase in the refractive index and a small decrease of the material volume [16] . The thermally evaporated films had an index (at 1550 nm) of ∼ 2.31 compared with the bulk glass whose index is 2.43. After deposition the films were partially polymerized by annealing at 130
• C for 24 hours prior to use which increased the refractive index to ∼ 2.38. Subsequent irradiation of the films with actinic light at high fluence can increase the film index to the bulk value.
The experiment was performed at cryogenic temperature (less than ∼ 60K) to obtain luminescence from the embedded InAs quantum dots, as needed for quantum information processing applications.. This illustrates that the method works at low temperatures, though we stress that it is applicable to room temperature nanophotonic circuits. The sample was placed inside a continuous-flow liquid helium cryostat at 10K and the QD photoluminescence was used to measure the cavity resonance. A confocal microscope setup and a laser tuned at 780 nm excited quantum dot luminescence while a spectrometer monitored the signal. A 543 nm HeNe laser (1µW ) focused to ∼ 1µm 2 through the same confocal setup was used for photodarkening of the As 2 S 3 layer (Fig.1) . This wavelength was chosen because it is close to the 527 nm bandgap of As 2 S 3 .
The thickness of the As 2 S 3 influences both the quality factor of the cavity and the maximum tuning range. For this reason we experimented with three different thicknesses: 30, 60 and 100 nm (samples S30, S60 and S100). For each sample, the spectrum of the cavities was recorded before and after the deposition of the chalcogenide layer. For samples S60(S30), the deposition caused the quality factor to degrade by ∼ 5%(30%) from an average value of ∼ 8500(10000) while the resonant wavelength shifted by ∼ 40 nm(28 nm). For sample S100 the Q degradation was more severe, from ∼ 6500 to ∼ 1000 and for this reason we mainly concentrate on samples S30 and S60.
With the chips mounted in the cryostat, we focused the 543 nm laser on the PC cavities for a fixed time and recorded the cavity spectrum. For sample S60, the cavity resonance shifted by up to 3 nm as shown in Fig.2(a) . For 1µW of green laser power focused on a spot size of ∼ 1µm 2 , the cavity tuning rate levels off after about 20 minutes, as shown in Fig.2(b) . This saturation time is inversely proportional to the energy flux incident on the sample surface. During the tuning process the quality factor degraded by 20%. The maximum tuning range dependends on the thickness of the chalcogenide layer. For 30 nm and 100 nm, a tuning range of 1 nm (Fig.2(b) ) and 4 nm was observed, respectively. The change of the cavity resonance was stable after the green laser was turned off.
Illumination of As 2 S 3 with light at 543 nm causes changes both in the refractive index and in the density of the material. Experiments at room temperature with films of As 2 S 3 show that the increase in the refractive index is accompanied by a ∼ 1.5% decrease in the film thickness. The decrease in thickness should result in a blue-shift of the cavity resonance. The red-shift observed experimentally implies that the dominant effect responsible for the shift of the cavity resonance is the change in the refractive index. We note that during the cool-down and exposure steps, strain can build up between the glass and substrate that slightly shifts QD emission lines. After an initial strain-induced shifting early in the exposure, we find that QDs are nearly stationary for the majority of the tuning range, presumably because of nanofractures that relieve the strain. We are currently investigating improved methods for resetting strain. For our experiment, the smallest area that can be locally tuned is limited by the focus size of the laser beam (∼ 1µm
2 ). The locality of the technique allows for independent tuning of interconnected optical components on photonic crystal chips. The method is not only suit-able for GaAs devices, but can possibly be implemented with any other materials, including silicon nanophotonic circuits. Also, the As 2 S 3 can easily be replaced by other types of chalcogenide glasses or other photosensitive materials depending on the specific application.
In conclusion, we have shown that As 2 S 3 can be combined with semiconductor photonic crystals to create nanophotonic devices whose optical properties can be independently fine-tuned on the same chip. This technique is relevant for fabrication of integrated nanophotonic circuits for classical and quantum information processing, including applications such as filtering, multiplexing, optical storage, fine-tuning of modulators and lasers, and local tuning of distinct PC cavities on GaAs/InAs chips for quantum optics. 
